Quantum logic for control and manipulation of molecular ions using a frequency comb 
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Due to their rich level structure, molecules are well-suited for probing time variation of fundamen- 
tal constantsi"^, precisely measuring parity violation^i^ and time-reversal non-invariance effects^, 
studying quantum mechanical aspects of chemical reactions^, and implementing scalable quantum 
information processing architectures^. Molecular ions are particularly attractive for these applica- 
tions due to their long storage times and the near-perfect isolation from environment that result in 
long coherence times required to achieve high measurement precision and reduce systematic errors. 
However, the control of molecular quantum states remains a challenge. Based on quantum logic 
technique a^'^° , we propose a scheme for preparation, manipulation, and detection of quantum states 
of single molecular ions. The scheme relies on coherent coupling between internal and motional 
degrees of freedom of the molecular ion via a frequency comb laser field, while detection and cooling 
of the motion of ions is done via a co-trapped atomic ion. 



Traditional methods of state detection for neutral 
atoms and atomic ions are difficult to apply in the case 
of molecules. It is hard to find a nearly closed cycling 
transition, which limits the applicability of standard flu- 
orescence detection methods. Other detection methods 
such as resonance-enhanced multiphoton dissociatiortii 
are destructive in nature. In addition, a large number of 
available energy levels also complicates the preparation 
of a molecule in a single quantum state. While the trans- 
lational motion of molecular ions can be sympathetically 
cooled to milikelvin temperatures, the rotational and vi- 
brational degrees of freedom will still be in equilibrium 
with the environment. Since typical spacing between ro- 
tational levels of a molecule is on the order of 10-100 
GHz, much lower than the thermal energy kT/h ~ 6 
THz at room temperature, several molecular states are 
populated in the equilibrium with the environment. Due 
to the interaction of a molecule with black body radia- 
tion, internal degrees of freedom reach the equilibrium 
on the timescale of the order of minutesi^r— . 

Several methods of preparing molecular ions in a sin- 
gle quantum state have recently been demonstrated, 
including optical pumping assisted by black body 
radiationi^iH, and sympathetic cooling of a translational 
degree of freedom for molecular ions formed in a partic- 
ular rovibrational statei^. Other promising techniques 
such as optical pumping using broadband ligh t^^'^^ , sym- 
pathetic cooling of molecular ions in a cloud of ultracold 
neutral atomsi^, and cavity coolin g^^i^° have been pro- 
posed and are currently under active experimental inves- 
tigation. 

Some proposalai^i^i2^ also consider coherent coupling 
between the internal states of molecular ions and their 
motion, and subsequent cooling of the motional degree of 
freedom as a way of preparing and detecting the molecu- 
lar states. However, coherent coupling between an inter- 
nal quantum state of the molecule and the motion of the 
ions in these schemes is typically achieved using pulses 
produced by CW lasers. This approach may be diffi- 
cult to implement experimentally given the number of 



molecular states that one needs to address. Recently, co- 
herent coupling between hyperfine states of atomic Yb"*" 
ion and its motion using a frequency comb laser field 
has been demonstrated^^. Due to the large bandwidth 
and precise control afforded by the frequency comb, it is 
particularly suitable for addressing of multiple molecular 
energy levels^!. 

Here we propose an experimental scheme to pre- 
pare, manipulate and detect the internal states of a 
cold trapped molecular ion based on quantum logic 
techniques^iiSii^. The experimental setup that we con- 
sider is shown in Fig. [T] We confine a diatomic molecu- 
lar ion together with an atomic ion in a standard rf-Paul 
trap. Due to Coulomb interaction, atomic and molecular 
ions share common modes of motion. The motion of the 
molecular and atomic ions are cooled to the ground state 
by a sideband cooling^^. Two laser beams generated by 
a modclocked pulsed laser with a repetition rate /rep, are 
offset by frequency vao with acousto-optical modulators, 
and are focused on the ions from two different directions. 

In order to drive a stimulated Raman transition be- 
tween two quantum states separated by Acj, the repe- 
tition rate frep and offset frequency vao should satisfy 
resonance condition 



Aw = Mfrep ± VAO- 



(1) 



Here integer number M is the comb index. The time 
averaged resonance Rabi frequency between two states 
coupled by an off-resonance pulsed laser is^^ 
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where r is the pulse duration, Q,q — S7^/2A, and s = 
I/Isat, I is the average intensity, I gat is the saturation 
intensity, A is the detuning of the pulsed laser from an 
excited state, and 7 is the excited state decay rate. The 
Rabi frequency is suppressed if the energy splitting be- 
tween two states Aw is greater than the bandwidth of the 
pulsed laser 1/r. However, the typical pulse duration of 
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FIG. 1: The proposed experimental setup, a) Light emitted 
by a modelocked pulsed laser with the repetition rate frep is 
split into two beams, sent through the acousto-optical modu- 
lators to offset relative frequency between two beams by vao 
and is incident upon the atomic and molecular ions from two 
different directions, b) Spectrum of the frequency combs. If 
resonance conditions are satisfied the setup can drive a stim- 
ulated Raman transition between a pair of energy levels Ao; 
apart. 



a modelocked Ti:sapphire pulsed laser on the order of 
100 fs - 1 ps provides sufficient bandwidth to address 
transitions between rotational and hyperfine states in a 
molecule. Pulses from both directions should arrive at 
the position of the ions at the same time, therefore the 
path length difference between two arms cannot exceed 
CT (about 30 //m for a 100 fs pulse). 

To address the motion of the ions we detune the spec- 
tral beat note between the two laser beams from the 
two photon resonance between molecular states |mi) and 
7712) by cjt, the frequency of a common motional mode. 
In this case the interaction Hamiltonian in the Lamb- 
Dicke limit has the formal 



(3) 



where a"*" (a) is the phonon creation (annihilation) op- 
erator for the common mode of motion of two ions, and 
cr+ ~ \mi){m2\ (<t- = \m2){mi\) is the raising (lowering) 
operator for the transition. The change in the molecular 
quantum state is accompanied by a simultaneous change 
of the motional state of the ions. In the ground state of 
motion, the Rabi frequency of a sideband transition is 
equal to ils = rifl, where ij = k^Jh/2mu!t is the Lamb- 
Dicke parameter, and k is the wave vector difference be- 
tween the two laser beams. 
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FIG. 2: Cooling of molecular rotational states using quantum 
logic, a) Stimulated Raman transition is driven on a 'blue" 
motional sideband so that Raman transition from rotational 
state J to J — 2 adds one phonon to the motional mode of the 
ions, b) If the molecule is cooled to the ground state of motion 
and phonons are continuously removed by sideband cooling of 
a co-trapped atomic ion, transitions that increase J are not 
allowed, leading to an efficient build up of the population in 
the J = and J = 1 states. 



The state of the molecular ion can be detected using 
quantum logic techniques^iiS. If the atomic and molec- 
ular ions were initially in a ground state of motion, de- 
tection of the quantum state of a molecular ion can be 
accomplished by driving a Raman transition that cou- 
ples the state of the molecular ion |mi) to a collective 
motional mode of the ions and generates a phonon if the 
molecular ion was in the state The phonon can be 

detected later by coupling the motion of the ions to the 
spin of an atomic ion, followed by the atomic ion state 
detection using the standard fluorescence technique. 

Due to the periodic structure of the frequency comb, 
scanning the offset frequency uao produces a spectrum 
that repeats itself every frep- Measurement of the ab- 
solute energy difference between two states therefore re- 
quires knowledge of both the offset frequency vao and 
the comb index M . The latter can be determined by 
measuring the spectrum as a function of the offset fre- 
quency VAo for several slightly different repetition rates 
and comparing the results^. 

Wc can also prepare a molecular ion in the well de- 
fined quantum state by coupling internal and motional 
degrees of freedom. We start with atomic and molec- 
ular ions in the ground state of motion after sideband 
cooling and drive the J, n = 0^ J — 2,n = 1 Raman 
transition in the molecule, where n is number of phonons 
in a given motional mode (see Fig. [2]). If the ions are 
in the ground state of motion, decrease of the angular 
momentum via the J, n = — > J — 2, 7i = 1 transition 
is allowed. However, the opposite transition J — 2 — J 
is not allowed, since it requires subtracting motional en- 
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ergy from the ions that are already in the ground state. 
If after each step phonons are removed from the trap 
by sideband coohng, the angular momentum J of the 
molecule decreases, leading to a buildup of population in 
the J = or J = 1 state. Any cooling requires some 
dissipation process. In our scheme, the coupling between 
internal and motional degrees of freedom of the molecule 
is coherent, and dissipation is achieved via cooling of the 
common motion of the molecular and atomic ions. 

It is interesting to note that this cooling scheme can 
be made more efficient if we use the periodic structure 
of a frequency comb. For example, the proper choice 
of repetition rate and offset frequency allows us to drive 
transitions between at least two pairs of levels at the same 
time. In some special cases, for example, heavy molecules 
with no hyperfine structure confined in a tight trap, when 
the centrifugal distortion constant D is small compared 
to the rotational constant _B, the splitting between energy 
levels£;(J + 2)-£;(J) ~ 2B(3 + 2J)(l + ^(3 + 3J + J^)) 
increases almost linearly with J and can be matched to 
the periodic structure of a frequency comb, which allows 
even more pairs of levels to be addressed simultaneously. 

The number of Zeeman sublevels in the J + 2 state is 
larger than in the state J, therefore it is impossible to 
couple all the sublevels of the upper state to the lower 
one simultaneously via Raman transition, which leads 
to population trapping in the states with higher angular 
momentum. To avoid it we can alternate the polariza- 
tion of the Raman beams between several configurations 
to make sure that all sub-levels in the upper J -t- 2 state 
are coupled to the sublevels of the lower J state. Alter- 
natively, we can apply a weak magnetic field to mix the 
Zeeman sublevels. However, the latter approach is less 
desirable since Zeeman splitting can increase the number 
of energy levels one has to address. 

As a possible first step towards the implementation of 
this scheme, we consider a SiO"*" molecular ion trapped 
together with an Yb"*" atomic ion. The spectral prop- 
erties of SiO+ arc known^S. The wavelength for the 
X'^T.+ iv = 0) A^I{{v = 0) transition is about 414 
nm, and the X'^T,+ {u = 0) ^ B'^Y.+ {v = 0) transition 
wavelength is near 383 nm, close to the 370 nm transi- 
tion of atomic Yb+ ion. Nearly diagonal Franck-Condon 
factors for the X'^T.+ iy = 0) B'^Y.+ {v = 0) transi- 
tion in SiO+ maximize the two-photon Rabi frequency. 
The absence of hyperfine structure for the most abundant 
molecule Si280i6 simplifies the energy level structure. 

The efficiency of sympathetic cooling depends on the 
mass ratio between the two ions. A 1:1 mass ratio pro- 
vides the highest efficiency due to the largest momen- 
tum transfer. However, sympathetic cooling was demon- 
strated for a wide range of masses, for example for A1+ 
/Be"*" system with a 3:1 mass ratioi^, and can also be 
feasible in the Yb+ and SiO+ system where the ratio is 
4:1. 

The energy of rotational states in the ground elec- 
tronic state X and vibrational state v = {) \s Ex (J) ~ 
BJ{J+l) + D.P{J+iy, where for SiO+ B = 21.51 GHz 
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FIG. 3: Optical pumping scheme for SiO^ molecule. The P 
(J — >■ J — 1 transitions), and R-branched (J — >■ J + 1 for 
the SiO^ molecule are well separated. Number of populated 
rotational states in a molecule can be reduced using optical 
pumping with spectrally filtered broadband light that excites 
J ^> J - 1, but not J ^ J + 1). 



and D = 33.1 kHa^S. At room temperature about 98% of 
population is distributed among states with angular mo- 
mentum from J = to J = 35 of the lowest vibrational 
state 1/ = 0. While it is still possible to apply the cooling 
scheme described in the paper directly, the large number 
of populated levels and magnetic fields can significantly 
increase the number of required cooling steps. Therefore 
some initial cooling of the rotational degrees of freedom 
is desirable. 

One approach to decrease the number of populated 
rotational states is optical pumping with spectrally 
shaped broadband Mghi^'^. For the X^T,+ {iy = 0) ^ 
B^T.+ {v = 0) transition in SiO+, the i? ( J J + 1 
transitions) and P [J ^ J — \ transitions) branches are 
well separated (see Fig. [S]). Light with the intensity 
dl/dX = ImW/nm can be produced by a high power 
UV LED, and spectral filtering with the resolution bet- 
ter than 0.2 nm is easily achievable with a diffraction 
grating. Focusing this light into a 50 /im spot provides 
a scattering rate of about 10^ photons per second. This 
scattering rate can decrease the number of populated ro- 
tational states to less than 10 in about a millisecond for fi- 
nal preparation of states with the quantum logic scheme. 

For a realistic average intensity of the modelocked 
pulsed laser at the ion position of about 1000 W/cm^, 
laser detuning A/2tt = 20 THz, lifetime of B^Y.+ ex- 
cited state 1/7 = 70 ns, and the saturation intensity of 
molecular transition Igat = 45 W / m^ one can expect 
time averaged Rabi frequency ^ on the carrier transi- 
tion to be rto/2TT ~ 0.2 MHz. For a Lamb-Dicke param- 
eter r] ~ 0.1, the duration of the tt pulse on a sideband 
transition of a molecule is about 100 /is. The sideband 
cooling step should have a comparable duration. Assum- 
ing that the rotational population is distributed among 
10 lowest J states, and that it takes about 10 cycles to 
bring the population from J to J — 2 level, we estimate 
the total cooling time to be on the order of 20 ms, much 
faster than the 20 s achievable by alternative schemes 
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that rely on blackbody radiation for rcpumping between 
rotational state o^^'^'^ . 

Spontaneous emission will likely remove the molecule 
out of the cooling cycle and leave it in a different ro- 
tational, or even different vibrational state. Assuming 
that the bandwidth of the mode locked pulsed laser 
~ l/r << A the rate of spontaneous emission can be 
estimated as Rg = 2'-f^l/A = 0.3 s~^, much slower than 
the duration of the cooling sequence. 

The quantum logic scheme presented above is general, 
it does not impose restrictive requirements on molecular 
structure, and can be applied to a wide range of molec- 



ular ions. Experimental realization of this scheme can 
open the way to control quantum states of molecular ions 
and find application in precision measurements, quantum 
information, and quantum chemistry. 
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